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Abstract 
 
TThe final mechanical properties of cast iron depend on the nature and properties of the matrix and on the morphology of graphite 
precipitates. The article presents the results of studies of the structure of austenitic ductile iron with different nickel content. The studies 
include the identification and stereological description of graphite precipitates. The volume fraction of graphite in cast iron was determined 
in function of the size of the precipitates and the adopted shape coefficient of single particles, enabling the content of regular spheroids to 
be estimated. 
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1. Introduction 
TThe use of austenitic ductile iron for structures operating at 
low temperatures is essential in the case of castings with intricate  
shapes, requiring difficult and costly machining. To confer to 
these castings the required high mechanical properties, it is 
necessary to maintain within the range of their operating 
temperatures the matrix of an austenitic structure. Structure of this 
type offers high-nickel cast iron with spheroidal graphite [1 - 3]. 
T
The spheroidisation of graphite increases the resistance of 
austenitic cast iron to the effect of corrosive environments, while 
maintaining the high mechanical properties in a wide range of 
temperatures [4-7]. The high resistance to corrosion of austenitic 
ductile iron is obtained not only through the favourable shape of 
graphite, but also through the low content of non-metallic 
inclusions during spheroidisation, thus reducing the risk of the 
formation of microcells intensifying the destruction of castings 
[5]. The degenerated forms of graphite adversely affect the 
mechanical and plastic properties of cast iron, as disclosed by 
successive studies [8-11]. This study presents the results of 
structural examinations, which aim at a quantitative description of 
the morphology of graphite precipitates in austenitic ductile iron 
with different nickel content.
T 
2. Test material 
TStudies were conducted on cast iron from 4 melts with nickel 
content of 17%, 20%, 25% and 30%. The chemical composition 
and designation of individual melts are given in Table 1.T  
T
The spheroidisation process was carried out with a FeNiMg1 
master alloy, while for inoculation of the cast iron, Si75A 
ferrosilicon added in an amount of 0.5-0.7wt.% in respect of the 
iron melt weight was used. Ingots of YII type were cast in 
accordance with BS EN 1563:2000 in sand moulds made from   
bentonite sands. The cast iron was melted in a medium frequency 
induction furnace with crucible of 60kg capacity. The melt 
temperature was 1490°C; the spheroidisation of cast iron was 
carried out in a ladle at the temperature of 1430°C. Moulds for 
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of 1390 °C.
T 
 
Table 1. 
Chemical composition of the examined materials. 
3. Methodology  
TThe aim of the study was to determine the volume fraction of 
the graphite precipitates and find out what proportional share in 
these precipitates have those which in terms of their shape can be 
classified as regular. Observations under a Nikon Eclipse 
ME600P optical microscope were carried out on the randomly 
selected, not overlapping areas of metallographic specimens of 
the size of 754×570 pixels, each of which corresponded to the 
actual metallographic section surface area of 1.44 mmP
2
P. The 
stereological measurements were performed by planimetry using 
ImageJ computer software for image editing, processing and 
analysis. The number of areas available for each analysed case of 
the material condition ensured total of over 1,500 examined 
objects, i.e. graphite precipitates. The degenerated graphite, 
differing in its shape from the spheroidal one, was classified 
according to standard reference patterns (vermicular, spiky, coral, 
exploded). As parameters for the quantitative determination of the 
precipitate type, using automated image analysis methods, the 
shape coefficients as defined in Table 2 were adopted. 
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Quantitative shape parameters 
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U – perimeter, A – area 
 
T
The spheroidal graphite includes the precipitates for which 
the values of the coefficients f
B
1
B
 and f
B
2
B
 are at least 0.8 (f
B
3
B
 <1.25). 
The method and example of the elimination of degenerated 
graphite are shown in Figure 1
T 
T
Table 3 shows examples of graphite precipitates and   
corresponding values of the shape coefficients. Table 4 gives 
examples of graphite particles and values of the shape parameter 
f
B
3
B
 corresponding to the class intervals adopted in determination of 
the quantitative and volumetric graphite fractions in the examined 
cast iron.
T
  
 
a)  b)
c)  d)
Fig.1. Elimination of the degenerated graphite precipitates,  
(marker: 100um); a) image of microstructure, b) image after 
binarisation, c) image after elimination of graphite of parameter 
fB2 
B< 0,8, d) image after elimination of graphite of parameter 
fB3 
B> 1,25 
 
Table 3. 
Examples of graphite precipitates and the corresponding values of 
shape coefficients  
Values of shape coefficients  Example of the  
 graphite precipitate shapes  fB2
B  fB3
B 
spheroidal   
0,95 1,19 
irregular   
0,672 1,44 
exploded   
0,86 4,00 
 
Table 4. 
Class intervals adopted for shape determination and the 
corresponding shapes of graphite precipitates  
Class No.  
 
Example of 
graphite precipitate shape 
Values of 
shape 
coefficient fB3
B 
1    1,0 
2    1,0÷1,2 
3    1,2÷1,6 
4    1,6÷2,4 
5    2,4÷4,2 
6    > 4,2 
4. The results of studies 
T
Graphs in Figure 2 present histograms of volume fractions of 
graphite and spheroidal graphite in different classes of the 
precipitate diameter size. Figure 3 shows the frequency of 
Content in mass % 
Melt 
C Si  Mn P  S Mg  Ni 
A  3,15 2,00 3,85 0,045 0,020 0,20 16,50 
B  3,15 2,15 3,90 0,050 0,020 0,22  19,7 
C  2,95 2,25 3,95 0,045 0,020 0,21  25,0 
D  2,80 2,20 3,90 0,040 0,020 0,25  30,5 
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determining the shape of a single particle in accordance with 
Table 4. The values of selected stereological parameters for 
individual melts are summarised in Table 5 (the results are given 
at the assumed significance level of α = 0.05). Table 6 shows the 
average values of selected mechanical properties of the examined 
types of austenitic ductile iron.
T 
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Fig. 2. Volume fractions of graphite and spheroidal graphite of predetermined size in austenitic ductile iron from 
individual melts  
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Fig. 3. Frequency of occurrence and volume fractions of graphite precipitates of predetermined shape in austenitic ductile iron from 
individual melts 
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The values of selected stereological parameters obtained for 
individual melts  
Melt 
Parameter 
A B C  D 
Average diameter d[um]  16,6  20,8  20,1  20,3 
Confidence level [um]  ±0,6  ±1,0  ±0,8  ±1,0 
Volume fraction of graphite VBv
B [%]  8,3  8,2  8,5  8,1 
Volume fraction of spheroids VBv
B [%] 2,8  2,5  3,7  3,4 
 
Table 6. 
Selected mechanical properties of the examined melts of  austenitic 
ductile iron at a  temperature of  (-196)°C 
Melt RBm
B [N/mmP
2
P] RBp0,2
B [N/mmP
2
P] AB5
B [%] 
A  731 ± 14  566 ± 9  6,9 ± 0,1 
B  710 ± 9  533 ± 9  19,8 ± 1,0 
C  723 ± 2  510 ± 4  28,5± 0,1 
D  631 ± 10  510 ± 3  17,7 ± 1,1 
5. Discussion of results  
T
The analysis of different types of cast microstructures 
revealed the presence of numerous degenerated graphite 
precipitates determined from standard reference patterns as 
vermicular, irregular and exploded. The volume fraction of 
spheroidal graphite in different melts is given in Table 5, where 
the highest value has been obtained for iron C, containing 25% 
Ni. At the same time, as follows from histograms in Figure 2, the 
precipitates of diameter above 30 [um] have prevailed in this case. 
Comparing these results with the values of mechanical properties 
determined at (-196)°C, it can be noted that it is the cast iron from 
melt C that has the highest elongation A
B
5
B
 combined with 
satisfactory tensile strength. The drop of tensile strength and 
elongation in cast iron D can be explained by  the high fraction of  
large graphite precipitates, i.e. of the size above 60 [um]
T 
5. Summary 
T
The conducted studies proved full applicability of the method 
of automated image analysis in quantitative determination of the 
graphite parameters in cast iron. 
 
TSince the strongly degenerated forms of graphite appearing in 
the examined cast iron adversely affect the mechanical and plastic 
properties of this material, it is advisable to continue studies on a 
larger number of melts with different content of nickel and   
inoculant, affecting complete graphite spheroidisation. 
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Abstract 
The results of structural examinations and tests of mechanical properties of AlSi11 alloy, either gravity or squeeze cast, have been 
presented. The investigations have been carried out for both the non-modified silumin and the alloy modified with AlSr10 strontium 
master alloy. The measurements have been carried out for the cast plates of dimensions 200×100×25 mm. It has been found out that the 
modification combined with squeeze casting provides an advantageous set of strength and plastic properties (RBm
B ≈ 270 MPa, AB5
B ≈ 16%). 
The metallographic examination has revealed a significant refinement of both the primary α-phase dendrites and the silicon eutectics, 
however being dependent on the method of modification and casting. It has been found that the refinement of the primary crystals results 
from the influence of external pressure exerted on the solidifying casting, while the refinement observed for silicon eutectics is an effect of 
combined influence of modification and squeeze casting.  
 
Keywords: Mechanical properties, Aluminium alloys; Squeeze casting technology; Modification. 
 
 
1. Introduction 
 
The squeeze casting technology belongs to the special 
casting methods and is intended for production of high-quality 
castings, especially made of aluminium alloys. Its advantages, 
i.e.  high dimensional and shape accuracy, good tightness, fine 
structure, lack of surface defects, low roughness, the large 
capacity of the process, high output (up to 98% of molten metal), 
and small machining allowances, make it to be a technology of 
future. It meets current trends of metal industry, which tend to 
expand production processes providing for both high quality of 
products and low production cost, both material and energy 
savings, and proper manufacturing culture. 
The squeeze casting technology combines three the most 
important and the most popular processes in the processing of 
aluminium alloy: die casting, pressure casting, and forging. 
Squeeze casting compares favourably with die casting and 
pressure casting with respect to the quality of products, and is 
superior to die casting and forging from the economic point of 
view. Squeeze casting is applied for production of combustion 
engine castings, car wheel discs, casings for compressors and 
electric engines, and hydraulic elements working under high 
pressure conditions [1–4]. 
High mechanical properties of squeezed castings, reaching 
values which frequently surpass the values obtained for plastic 
worked elements, results from the fine grain structure arising under 
the conditions of dynamic solidification under pressure [5-9]. The 
continuous pressure applied to the solidifying alloy increases the 
heat transfer coefficient and eliminates the shrinkage gap, 
diminishing by the same thermal resistance, what in turn increases 
the supercooling value and results in arising of a large number of 
crystallization nuclei [1, 6, 11, 12]. The degree of supercooling of 
the liquid alloy is related to the squeeze temperature. The best effect 
is achieved by applying pressure at a  temperature close to the 
solidification range [6, 11–13]. Then the maximum supercooling of 
the alloy occurs and the nucleation rate exhibits the maximum 
increase. On the contrary, too high squeeze temperature can almost 
completely nullify the effect of increased pressure. High pressure 
also prevents arising of gas bubbles in the casting and eliminates 
shrinkage macro- and micro-porosity, what distinctly increases both 
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is a thermodynamic parameter which significantly affects phase 
transformations. For binary Al-Si alloys, an increase in pressure 
results in the simultaneous increase of the equilibrium solidification 
temperature of aluminium and the decrease of the equilibrium 
solidification temperature of silicon, according to the Clapeyron-
Clausius relationship. There occurs a  shift of the eutectic point 
towards higher silicon percentages. During the solidification of 
squeezed casting, both the rate of growth of the α solid solution 
dendrites and the volume percentage of this phase in the structure 
are increased. Simultaneously the silicon-rich regions arise in the 
liquid metal, so that primary crystals of silicon can originate [3]. 
Mechanical properties of squeeze cast silumin castings are 
hence dependent on a series of physical and chemical phenomena 
taking place during the solidification process, and they can be 
influenced mainly by the selection of Al-Si alloy type, its 
modification, and the technological parameters of squeezing. The 
purpose of the presented investigation has been an assessment of 
changes in the structure and in the mechanical properties of 
AlSi11 castings subjected to modification and squeezing. 
 
2. The material and the methods of 
examination  
 
The examinations have been carried out for the standardized 
AlSi11 alloy (PN-EN 1676). Squeeze casting has been 
manufactured by means of the PHM-250C hydraulic press 
equipped with a die of cavity dimensions 200×100×50 mm. The 
die has been heated up to 150°C prior to being poured, and its 
surface has been covered with a protective insulating and 
lubricating layer (a solution of colloidal graphite in water). The 
metal charge has been melted in the PIT 50S/400 induction 
crucible furnace, then overheated to the temperature of 700°C and 
drown from the crucible by means of a hand ladle. Each time 
about 1350 g of alloy has been taken and poured into the lower 
half of the die. Then the pressing die has been lowered, the die 
closed, and the squeeze pressure applied. The pressure has 
affected the solidifying and cooling casting for 50 s. After that 
time the die has been opened and the casting has been ejected by a 
set of four ejectors placed in corners of the plate. The castings 
have been produced either under the pressure of 60 MPa, or by 
gravity method (without applying pressure) at the mould 
temperature equal to about 150°C. The subsequent series of 
castings have been produced of the alloy modified with AlSr10 
strontium master alloy. The modifying alloy (0.05% Sr) has been 
added after overheating the silumin up to 730°C. Then this 
temperature has been held for a period of 10 minutes in order to 
homogenize the chemical composition of the alloy. Specimens 
have been cast of such prepared metal under the same conditions 
as has been used for the non-modified alloy. 
Examination of mechanical properties has been performed for 
the standardized tensile bars with length-to-diameter ratio of 5:1, 
according to the PN-91/H-04310 Standard, by means of the 
ZWICK-1488 servo-hydraulic testing machine. Microstructural 
observations have been carried out by means of the Nikon 
Epiphot light microscope for the specimens cut out of the middle 
parts of the plate castings. 
 
3. The results and the analysis of 
examinations  
 
The results of measurements concerning the strength properties 
(RB02
B, RBm
B) and elongation (AB5
B) have been presented in Figures 1 
and 2. The performed examinations have unquestionably revealed 
the superiority of the squeeze casting over the gravity casting 
method. This is confirmed by the significantly higher RBm
B and RB02
B 
values. Modification of the examined alloys causes, in turn, 
additional increase of mechanical properties, and particularly of 
plasticity. Having analysed the particular mechanical parameters, 
one can say that: 
•  the yield point is at the level of 85-95 MPa for gravity cast 
items, while the applying of external pressure results in an 
increase of this parameter up to the value of about 100 MPa. 
The combined modifying and squeezing leads to the further 
growth of RB02
B, which is enlarged by about 40% with respect 
to the gravity castings (Fig. 1). 
•  the tensile strength of AlSi11 alloy castings depends mainly 
on the casting technology. The squeeze cast items exhibit 
the tensile strength greater by about 60 MPa than the gravity 
castings. The squeeze method integrated with modification 
allows for obtaining the highest strength of the alloy, 
exceeding 260 MPa (Fig. 1). 
•  the largest changes in plasticity of the AlSi11 alloy take 
place as a result of modification. Elongation of the gravity 
cast specimens made of the modified alloy is twice, and of 
the modified and squeezed castings is thrice the elongation 
of the non-modified gravity castings (Fig. 2). 
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Fig. 1. The influence of casting conditions on the strength 
properties of AlSi11 alloy  
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Fig. 2. The influence of casting conditions on the elongation AB5
B 
of the AlSi11 alloy 
 
The characteristic feature of a casting solidifying under 
pressure is the refinement of its structure, which results in the 
strengthening of the alloy. The structure of AlSi11 alloy consists 
of two phases. First of them is the plastic matrix of α(Al) solid 
solution, and the second one is constituted by hard and brittle 
silicon crystals. The structure of the non-modified gravity castings 
is characterised by relatively large dendrites of α phase on 
a background of the lamellar silicon eutectics (Fig. 3a). After the 
strontium master alloy had been added to the processed metal, the 
eutectics has been effectively modified to the fibrous one 
(Fig.  3b). Further structural changes are related to the pressure 
which influence the solidifying casting. 
 
 a) 
 
  b)
 
 
  c)
 
 
  d)
 
 
Fig. 3. Microstructure of AlSi11 alloy: a) non-modified, gravity 
cast alloy, b) non-modified squeeze cast alloy, c) modified gravity 
cast alloy, d) modified, squeeze cast alloy 
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The combined influence of modification and external pressure has 
permitted for obtaining the most refined structure. Modification 
has assured for achieving the eutectics with very small interfacial 
distance, while the influence of pressure has caused the 
refinement of the α-phase dendrites (Fig. 3d). This refinement of 
structure has been accompanied by the enhancement of the 
mechanical properties, and first of all of plasticity. 
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